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The use of radiation therapy has been linked to an increased risk of cardiovascular disease. To understand the 
mechanisms underlying radiation-induced vascular dysfunction, we employed two models. First, we examined 
the effect of X-ray irradiation on vasodilation in rabbit carotid arteries. Carotid arterial rings were irradiated with 8 
or 16 Gy using in vivo and ex vivo methods. We measured the effect of acetylcholine-induced relaxation after 
phenylephrine-induced contraction on the rings. In irradiated carotid arteries, vasodilation was significantly attenu- 
ated by both irradiation methods. The relaxation response was completely blocked by lH-[l,2,4]oxadiazolo[4,3- 
a]quinoxalin-l-one, a potent inhibitor of soluble guanylate cyclase. Residual relaxation persisted after treatment 
with L-N m -nitroarginine (L-NA), a non-specific inhibitor of nitric oxide synthase (NOS), but disappeared follow- 
ing the addition of aminoguanidine (AG), a selective inhibitor of inducible NOS (iNOS). The relaxation response 
was also affected by tetraethylammonium, an inhibitor of endothelium-derived hyperpolarizing factor activity. In 
the second model, we investigated the biochemical events of nitrosative stress in human umbilical- vein endothelial 
cells (HUVECs). We measured iNOS and nitrotyrosine expression in HUVECs exposed to a dose of 4 Gy. The 
expression of iNOS and nitrotyrosine was greater in irradiated HUVECs than in untreated controls. Pretreatment 
with AG, L-N 6 -(l-iminoethyl) lysine hydrochloride (a selective inhibitor of iNOS), and L-NA attenuated nitrosa- 
tive stress. While a selective target of radiation-induced vascular endothelial damage was not definitely deter- 
mined, these results suggest that NO generated from iNOS could contribute to vasorelaxation. These studies 
highlight a potential role of iNOS inhibitors in ameliorating radiation-induced vascular endothelial damage. 
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INTRODUCTION 

The vascular endothelium mediates vasodilation via nitric 
oxide (NO), prostacyclin, and endothelium-derived hyperpo- 
larizing factor (EDHF) [1-3]. In vascular smooth-muscle 
cells, NO stimulates soluble guanylate cyclase (sGC) to in- 
crease the levels of cyclic guanosine monophosphate, 
leading to vasodilation [4, 5]. In addition to controlling vas- 
cular tone, NO and prostacyclin prevent vascular occlusion 
and ischemia by inhibiting platelet aggregation. 

NO is synthesized from three different isoforms of the 
nitric oxide synthase (NOS): neuronal NOS (nNOS, NOS1), 
endothelial NOS (eNOS, NOS3), and inducible NOS (iNOS, 
NOS2) [5, 6]. The constitutive isoforms, nNOS and eNOS, 
are calcium-dependent. NO generated by these isoforms is 
responsible for neurotransmission and vascular regulation 
[7, 8]. In contrast to the constitutive isoforms, iNOS is 
calcium-independent and activated by external stimuli such 
as inflammatory cytokines and oxidative stress [9, 10]. The 
calcium-independent isoform generates a larger amount of 
NO over longer periods compared to the constitutive NOS 
isoforms [8]. Ionizing radiation increases the risk of cardio- 
vascular disease prevalence [11, 12]. Loss of NO-dependent 
relaxation and decrease of eNOS activity have been sug- 
gested as underlying mechanisms of radiation-induced vas- 
cular dysfunction [13-16]. Several reports have shown 
radiation-induced iNOS activation in various tissues, includ- 
ing the vascular endothelium [17-19]. Once iNOS is acti- 
vated, the NO it produces then reacts with the superoxide 
anion, resulting in an increase in peroxynitrite, a potent oxi- 
dizing agent [20,21]. 

Aminoguanidine (AG) selectively inhibits iNOS. AG has 
been shown to reduce radiation-induced nitrosative stress 
[22-24]. Although increased iNOS expression has been 
demonstrated in vascular endothelial cells, the consequent in- 
crease of peroxynitrite production and inhibitory effects of 
AG on this pathway in vascular endothelium have not yet 
been studied. In the current study, we examined (i) the ap- 
pearance of impaired vasodilation after exposure to megavol- 
tage X-ray irradiation in rabbit carotid arteries, (ii) the 
production of iNOS and peroxynitrite in human umbilical- 
vein endothelial cells (HUVECs), and (iii) the effect of AG 
and other inhibitors on these responses. 



MATERIALS AND METHODS 

Agents 

Phenylephrine (PE), acetylcholine (ACh), L-N^-nitroarginine 
(L-NA), lH-[l,2,4]oxadiazolo[4,3-a]quinoxalin-l-one (ODQ), 
AG, L-N 6 -(l-iminoethyl)lysine hydrochloride (L-nil), and tet- 
raethylammonium (TEA) were purchased from Sigma-Aldrich 
(St Louis, MO, USA). 



Preparation of carotid arterial rings 

Animal experiments were approved by the Institutional 
Animal Care and Use Committee of the Armed Forces 
Medical Research Institute (AFMRI-10-IACUC-01). Both 
common carotid arteries were obtained from male New 
Zealand white rabbits purchased from Samtako Bio Korea 
(Osan, Republic of Korea). The rabbits were euthanized by 
exsanguinations after anesthetization with inhaled dimethyl 
ether. The carotid arteries were placed in cold physiological 
salt solution (normal Tyrode solution: 135 mM NaCl, 5 mM 
KC1, 2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM HEPES, and 5 
mM glucose) adjusted to pH 7.4. 

Two irradiation methods were used for the carotid arteries. 
The first was whole-body irradiation followed by carotid 
artery excision (in vivo method). A source axis distance tech- 
nique with opposing anterior-posterior fields was used. A 
dose of 8 Gy or 16 Gy at a rate of 4.1 Gy/min was adminis- 
tered at mid-depth of the rabbits in prone position. 
Intramuscular injection of acepromazine (1 mg/kg) was 
administered for sedation before irradiation. The rabbits were 
sacrificed 20 h after irradiation. The second method was ir- 
radiation of the excised carotid artery (ex vivo method). A 
source surface distance technique was used. The prescribed 
dose was either 8 Gy or 16 Gy at a rate of 3.9 Gy/min and 
the minimum set-up margin was 2 cm in all directions. The 
dose selection and study times were based on previous 
studies [14, 16, 25]. The lower dose of 8 Gy was selected 
because it is between the dose prescribed by Soloviev et al. 
(6 Gy) and the dose suggested to be lethal in 50% of animals 
by Gratwohl et al. (10-12 Gy). A higher dose of 16 Gy was 
selected to enhance radiation-induced vascular dysfunction. 
A linear accelerator (LINAC, Varian Medical System, Palo 
Alto, CA, USA) producing 6-MV X-rays was used. 
Irradiated arteries were cut into rings of 2-mm thickness and 
placed into 20-ml organ baths filled with normal Tyrode so- 
lution. The organ baths were maintained at 37°C and equili- 
brated with a gas mixture of 95% 0 2 and 5% C0 2 . Arterial 
rings were suspended by a pair of stainless steel hooks under 
a resting tension of 2 g. 

Measurement of tension 

A computerized automated isometric transducer system 
(LabChart and Scope v6; AD Instruments, Heidelberg, 
Germany) was used for recording the tension of the rings. 
After an equilibration period of at least 60 min, high K + solu- 
tion (the same composition as normal Tyrode solution, but 
with 70 mM NaCl and 70 mM KC1) was administered two 
or three times to achieve reproducible contractile responses. 
Contraction was induced by 10 uM of PE, followed by relax- 
ation by 10 uM of ACh. The ACh-induced relaxation was 
compared in healthy and irradiated vessels. The measure- 
ment of tension on arterial rings was conducted as described 
previously [26]. To investigate the underlying mechanisms 
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of the impaired vasodilation, 100 uM of L-NA, 10 uM of 
ODQ, 100 uM of AG, or 1 mM of TEA were added to the 
organ baths and incubated for at least 20 min. Changes in re- 
laxant responses to ACh were examined as above. 

Cell treatment and Western blot analysis 

HUVECs were acquired from Lonza (Allendale, NJ, USA) 
and cultured in endothelial cell growth medium (EGM®, 
Lonza). The cells were cultured in 25 cm 2 flasks at 37°C 
under 5% CO2 in air. Cells from the second subculture were 
used for the experiment. The cells were serum-starved using 
endothelial basal medium (EBM®) 3 h before irradiation, 
treated with 1 mM AG, L-nil, or L-NA 1 h before irradiation, 
then irradiated with a dose of 4 Gy at 2.7 Gy/min using a 
LIN AC machine producing 4-MV X-rays. 

At 1.5, 3 or 6 h after irradiation, cells were lysed using 
RIPA buffer containing protease inhibitor cocktail at 4°C for 
30 min. The protein lysates were fractionated on 8% sodium 
dodecyl sulfate polyacrylamide gels and transferred to poly- 
vinylidine difluoride filter membranes. The membranes were 
blocked for 1 h with 5% skim milk prepared in a mixture 
of Tris-buffered saline and 0.5% Tween-20 (TBS-T). 
Membranes were incubated overnight at 4°C with a primary 
antibody against iNOS (sc-651), eNOS (sc-653), or nitrotyr- 
osine (sc-55256), which was diluted as recommended by the 
manufacturer (Santa Cruz Biotechnology, Inc., CA, USA). 
After washing with TBS-T, incubation with goat anti-rabbit 
antibody (sc-2054) followed. Blots were visualized by 
chemiluminescence and quantified by densitometry. 



Statistical analysis 

Data from the experiments are shown as mean ± SEM. The 
number of preparations was indicated by n. The Wilcoxon 
signed-rank test was used to determine statistical significance 
in the relaxation responses of arterial rings, as well as in the 
expression of iNOS and nitrotyrosine in HUVECs. SAS soft- 
ware (SAS 9.1.3; SAS Institute Inc., Cary, NC, USA) was 
used for statistical analysis. P values less than 0.05 were con- 
sidered statistically significant. 

RESULTS 

Effect of irradiation on vascular responsiveness 

To examine the effects of irradiation on vascular responsive- 
ness, irradiated and untreated carotid arteries were contracted 
by PE (10 uM) and then relaxed by ACh (10 uM). Figure 1 A 
shows representative records of vascular responsiveness in 
non-irradiated (upper) and irradiated (8 Gy, lower) carotid 
artery. ACh-induced relaxation was converted to percentage 
of PE-induced contraction. ACh produced a maximal relax- 
ation of 77.4 ± 1.1% (n = 46) in non-irradiated carotid artery 
(Fig. IB). When irradiated by in vivo methods, vascular re- 
sponsiveness of the carotid artery decreased to 61.6 ± 1.2% 
(« = 24, J P<0.0001) and 70.6+ 1.1% (« = 26, P = 0.0001) 
following exposure to 8 Gy and 16 Gy, respectively 
(Fig. IB). By ex vivo methods, vascular responsiveness 
decreased to 65.7 ±1.2% (n = 24, P< 0.0001) and 
60.1 ±3.8% («= 16, P< 0.0001) after 8 Gy and 16 Gy of ir- 
radiation, respectively (Fig. 1C). There was a dose-dependent 




Fig. 1. Effects of 6-MV X-irradiation on ACh (10 uM)-induced vasorelaxation after contraction evoked by PE (10 
(jM). (A) Original recording of relaxation of non-irradiated (upper) and irradiated (8 Gy, lower) carotid arterial rings 
of rabbit. The effect of (B) in vivo and (C) ex vivo irradiation on relaxation response. Each point represents the 
mean ± SEM. Relaxation responses were measured every 2 min after administration of ACh for 10 min. 
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response relationship in the carotid arteries irradiated by the 
ex vivo method, whereas the in vivo method showed some 
discrepancy. These results clearly show that irradiation 
impairs the ACh-induced vasodilation of carotid arteries. 

The underlying mechanisms of radiation-induced 
impaired vasodilation 

To investigate the underlying mechanisms of 
radiation-induced impaired vasodilation, we examined the 
effects of L-NA (a non-specific inhibitor of NOS), ODQ (a 
potent inhibitor of sGC), AG (a selective inhibitor of iNOS), 
TEA (a potassium channel blocker), and the combined appli- 
cation of L-NA and AG on carotid artery relaxation after ex- 
posure to radiation. 

In the non-irradiated carotid artery, treatment with L-NA 
or ODQ similarly decreased maximum relaxation to 
34.1 ±5.6% («=11, P< 0.0001) and 32.5 ±4.7% (n=14, 
P< 0.0001), respectively (Fig. 2A). Neither AG nor TEA 
altered the responses (P = 0.1624 and 0.2240, respectively). 
In the irradiated carotid artery, ODQ completely abolished 
the relaxation response in the 8 Gy in vivo and 16 Gy ex vivo 
groups (Fig. 2B and C). This observation was not seen in the 
irradiated carotid artery treated with L-NA. The differences 
in the responses between L-NA and ODQ were significant 
by the Wilcoxon signed-rank test (P = 0.0024). However, 
when AG treatment was used in combination with L-NA, the 
relaxation response of the irradiated carotid artery was 
similar to that seen with ODQ alone. The difference in re- 
laxation response between ODQ-treated and AG + L- 
NA-treated arteries was not significant (P = 0.6523). AG 
alone did not alter the relaxation response significantly. 

In the non-irradiated carotid artery, TEA did not affect 
ACh-induced relaxation; the maximal relaxation was 
82.6 ±2.7% (rc = 4). Interestingly, TEA attenuated the relax- 
ation response in the irradiated carotid artery (P = 0.0024). 
EDHF, which also mediates endothelium-dependent relax- 
ation, involves the opening of K + conductance that can be 
abolished by potassium-channel blockers such as TEA [3]. 
Therefore, these results suggest that exclusive selectivity 
between the NO and EDHF pathways could not be determined 
in terms of radiation-induced vascular endothelial damage. In 
addition, the difference in the relaxation responses between 
L-NA and ODQ, which was diminished by the addition of 
AG, suggests that NO generated from iNOS might contribute 
to vasorelaxation in irradiated arteries. 

Induction of iNOS and nitrotyrosine by irradiation 
in HUVECs 

To investigate the relationship between iNOS and radiation- 
induced vascular dysfunction, we examined whether radiation 
induced the expression of iNOS, eNOS, or nitrotyrosine 
(a biomarker for peroxynitrite) in HUVECs. HUVECs were 
exposed to 4 Gy X-ray irradiation and the expression levels 
of iNOS, eNOS, and nitrotyrosine were examined over time. 



Non-irradiated 
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Fig. 2. Maximum relaxation responses to Ach (10 uM) in the 
carotid artery contracted by PE (10 uM) observed 20 h after 
irradiation. (A) Effect of L-NA (100 uM), ODQ (10 uM), AG (100 
uM), and TEA (1 mM) on non-irradiated arterial rings. L-NA and 
ODQ similarly decreased maximum relaxation responses. Effects of 
the drugs on arterial rings irradiated by (B) the in vivo method and 
(C) the ex vivo method. 

As seen in Fig. 3A, radiation increased the expression of 
iNOS in a time-dependent manner, peaking at 6 h. The 
density of the band reflecting the iNOS protein level was 
6.64 ± 0.44-fold greater (n = S, P = 0.0078) relative to the 
sham-irradiated control. In contrast, the radiation did not in- 
crease the expression of eNOS (data not shown). As seen in 
Fig. 3B, radiation similarly increased the expression of nitro- 
tyrosine by 6.38 ± 0.86-fold (« = 8, P = 0.0078) at 6 h after 
irradiation. Pretreatment with an iNOS selective inhibitor 
(AG or L-nil) or a non-specific NOS inhibitor (L-NA) 
decreased iNOS expression at 6 h after irradiation (Fig. 3C). 
Nitrotyrosine expression was also attenuated by pretreatment 
with these inhibitors (Fig. 3D). These results indicate that 
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Fig. 3. The effect of irradiation on iNOS and nitrotyrosine expression. HUVECs were exposed to 4 Gy of 6-MV X-ray irradiation. The 
expression levels of (A) iNOS protein, and (B) nitrotyrosine, were measured by Western blot. Similarly, the expression of (C) iNOS, and (D) 
nitrotyrosine, was measured after a 1-h pretreatment with inhibitors. Values in the graph represent the relative densities compared to 
sham-irradiated control cells. Representative bands are shown on top. Untreated cells were kept in the incubator. 



radiation induces the expression of iNOS and nitrotyrosine, 
but not eNOS, in HUVECs. Further, the increase of iNOS 
and nitrotyrosine expression by radiation could be sup- 
pressed by iNOS inhibition. 



DISCUSSION 

The most distinctive feature of radiation-induced vascular 
endothelial damage is impairment of NO-mediated vasodila- 
tion [13-16]. In the present study, we examined the mechan- 
ism of radiation-induced vasodilation impairment in rabbit 
carotid arterial rings. In the experiments measuring vascular 
relaxation responses, we used two irradiation methods and 
two prescription doses. Although ex vivo irradiation could 
not fully reflect the process of radiation-induced damage, a 
dose response of impaired vasodilation was shown in ex 
v/vo-irradiated rings. Our results suggest that both in vivo 
and ex vivo irradiation could be helpful in understanding 
radiation-induced vascular damage. 



The main differences between our study and those of 
others were in the time interval and the type of radiation. 
First, we investigated the relaxation responses at an earlier 
time-point compared with previous reports. Maximum relax- 
ation responses to ACh (10 uM) in irradiated arteries were 
>50%, which were greater than those observed after a longer 
time interval [16]. This result clearly shows that differences 
in radiation-induced impairment of vasodilation can be 
observed at earlier time-points. In addition to the time inter- 
val, we used 4 or 6 MV of X-ray irradiation generated from 
LINAC at higher dose rates, whereas previous studies used a 
cobalt-60 source delivering radiation at lower dose rates [13- 
16]. Considering the use of higher dose rates of X-rays in 
medical practices, our study design might better represent 
therapeutic or accidental exposure to radiation in clinical set- 
tings. 

Interestingly, our results clearly showed the inhibitory 
effects of L-NA on vasodilation in irradiated rings. The add- 
ition of AG to L-NA treatment completely inhibited the 
remaining residual vasodilation. However, in contrast to our 
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findings, Soloviev et al. reported that L-NA did not affect the 
responses in irradiated vessels [16]. This discrepancy may be 
due to the use of a different radiation source or time of meas- 
urement. Another possible explanation could be the non- 
specific activity of L-NA [27, 28]. We found an inhibitory 
effect of ODQ on relaxation responses in irradiated arteries, 
suggesting the existence of iNOS activity, even in the presence 
of L-NA. In addition, the relaxation responses were partially 
affected by TEA, an inhibitor of EDHF. Therefore, exclusive 
selectivity between the NO and EDHF pathways could not be 
determined. We also showed increased expression of iNOS in 
irradiated HUVECs. These data are in accordance with a pre- 
vious study that showed radiation-induced iNOS expression in 
bovine aortic endothelial cells [19]. Induction of iNOS subse- 
quently leads to the continuous generation of NO [19]. The 
production of NO contributes to vasorelaxation and endothe- 
lial dysfunction through formation of peroxynitrite, a potent 
reactive oxygen radical [29, 30]. In the current study, we mea- 
sured nitrotyrosine levels as an indicator of peroxynitrite. 
Radiation increased the level of nitrotyrosine in HUVECs, 
suggesting increased peroxynitrite. However, there is no direct 
evidence that formation of nitrotyrosine is a specific biomark- 
er of peroxynitrite production [31]. Furthermore, other reactive 
nitrogen species may be involved. 

Radiotherapy (RT) has been shown to increase the risk of 
cardiovascular disease [32-35]. Carotid artery stenosis is 
increased in patients who have received neck irradiation for 
head-and-neck cancer [32, 33]. Increased risk of ischemic 
heart disease and cardiac death has also been observed fol- 
lowing RT for left-sided breast cancer [34, 35]. Inhibitors of 
iNOS or NOS significantly reduced expression of iNOS and 
nitrotyrosine, in agreement with previous studies [23]. 
Because the inhibition of iNOS has a protective effect on 
normal tissues such as the salivary gland [23], further study 
is required to clarify the role of iNOS inhibition in 
radiation-induced cardiovascular disease. 

One limitation of the present study is the inconsistency of 
relaxation responses in the presence of a range of agents in a 
variety of experimental settings (Fig. 2). We believe that stan- 
dardized experimental settings could eliminate this limitation. 
We observed a modest, yet significant inhibitory effect of AG 
on vasorelaxation. Although the amount of time post- 
irradiation (20 h) was relatively shorter than that observed in 
previous studies, it was still later than the time peak of iNOS 
expression (6 h), which is indicative of NO generation. This 
time-gap might explain the impaired vascular relaxation in 
irradiated arteries despite the increased expression of iNOS, 
and the potential for another mechanism of impairment exists. 

CONCLUSION 

In conclusion, we showed radiation-induced impairment of 
vasodilation in rabbit carotid arteries in both in vivo and ex 
vivo models. In addition, we observed radiation-induced 



expression of iNOS and nitrotyrosine in HUVECs, which 
was inhibited by AG, L-nil, and L-NA. The potential role of 
these inhibitors in ameliorating radiation-induced vascular 
endothelial damage should be investigated in future studies. 
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